Abstract We simulated snow processes in a forested region with heavy snowfall in Japan, and evaluated both the regional-scale snow distribution and the potential impact of land-use changes on the snow cover and water balances over the entire domain. SnowModel reproduced the snow processes at open and forested sites, which were confirmed by snow water equivalent (SWE) measurements at two intensive observation sites and snow depth measurements at the Automated Meteorological Data Acquisition System sites. SnowModel also reproduced the observed snow distribution (from the MODIS snow cover data) over the simulation domain during thaw. The observed SWE was less at the forested site than at the open site. The SnowModel simulations showed that this difference was caused mainly by differences in sublimation. The type of land use changed the maximum SWE, onset and duration of snowmelt, and the daily snowmelt rate due to canopy snow interception.
INTRODUCTION
Because snow cover is an important water resource, and one of the most important water balance components in cold regions, such as northern Japan and the northern Eurasian continent, many studies concerning snowmelt and snow ablation on different land surfaces have been carried out in North America, Europe, Siberia and Japan (e.g. Hardy et al., 1997; Link & Marks, 1997; Pomeroy & Granger, 1997; Suzuki et al., 1999a Suzuki et al., , 2006 Koivusalo & Kokkonen, 2002; Storck et al., 2002; Suzuki & Ohta, 2003; Zhang et al., 2004) . Pyke & Andelman (2007) noted that it is important to consider land use when estimating snow cover. Suzuki & Ohta (2003) showed that forest density affects snowmelt and the snow water equivalent (SWE). Using a simulation and observations, Yamazaki (1995) and Suzuki et al. (1999b) showed that in snowy regions, forests act as a heat source and can raise the air temperature above 0 • C. showed that aerodynamic resistance increases as the canopy's snow storage increases, which implies that the canopy snow influences momentum, latent and sensible fluxes between the forest and the atmosphere.
In northern Japan, northern North America, and the northern Eurasian continent, most mountain watersheds are forested and have a seasonal snowpack. During thaw, meltwater is an important water resource; therefore, it is desirable to estimate the net SWE under the forest canopy in both mountainous and non-mountainous regions. Some of the snow that falls is intercepted by the forest canopy, where it sublimates or melts. The amount of snow intercepted by the canopy affects the water and energy balances in the mountain watersheds (e.g. Nakai et al., 1999; Ohta et al., 1999) . By analysing the energy balance's components and snow interception, showed that the canopy snow influenced the above-canopy albedo. used cold room experiments with artificial snow and illustrated that the amount of canopy snow can be parameterized by the plant area index (PAI).
These previous studies were evaluated by pointbased simulations or observation studies of water and energy balances. However, land-use changes, such as deforestation or agricultural land development, usually occur on a regional scale. Therefore, it is necessary to understand how regional land-use changes affect the snow distribution as well as the water and energy balances. This transition from forested to nonforested landscapes introduces the potential for blowing and drifting snow processes, which play an important role in snow distribution processes and evolution.
One comprehensive snow-evolution modelling system that includes blowing snow transport processes is the MicroMet/SnowModel (Liston & Elder, 2006a,b) . This system contains all of the physics and dynamics required to simulate snow evolution in both forested and non-forested environments. SnowModel incorporates first-order physics that are required to simulate snow evolution within each of the global snow classes (i.e. ice, tundra, taiga, alpine/mountain, prairie, maritime and ephemeral) that were defined by Sturm et al. (1995) . MicroMet and SnowModel have been used to distribute meteorological variables and evolve snow distributions over a wide range of spatial scales (the grid increments range from 10 m to 10 km, while the spatial domains range from hundreds of metres to pan-Arctic); the models have been applied over a variety of complex landscapes, including the mountains of Colorado, Wyoming, Idaho, Arctic Alaska, Svalbard, central Norway and Greenland (e.g. Liston & Sturm, 1998 Greene et al., 1999; Liston et al., 1999 Liston et al., , 2007 Hiemstra et al., 2002 Hiemstra et al., , 2006 Prasad et al., 2001; Bruland et al., 2004; Mernild et al., 2006 Mernild et al., , 2007 . In steep alpine environments, complex wind fields can be generated and used to drive SnowModel using regional atmospheric models (e.g. Strasser et al., 2008) . This broad range of applications is possible because the model configuration allows for the definition of model routines that are run depending on the particular spatial scale and domain of interest.
SnowModel incorporates four submodels: MicroMet (Liston & Elder, 2006a) defines the meteorological forcing conditions; EnBal (Liston, 1995; Liston et al., 2000) calculates the surface energy exchanges; SnowPack (Liston & Hall, 1995; Liston & Elder, 2006b ) simulates snow depth and water equivalent evolution; and SnowTran-3D (Liston & Sturm, 1998; Liston et al., 2007) accounts for snow redistribution by wind. Each of these submodels was originally developed and tested for non-forested conditions; therefore, the submodels have been modified for forested areas (e.g. to include forest-radiation and forest-wind interactions as well as sublimation from canopy-intercepted snow) (Liston & Elder, 2006a,b) .
In the model application presented herein, the simulation domain includes the various land-use types that are found on Hokkaido Island in northern Japan. Hokkaido Island, which is the second largest island of Japan, is covered by a heavy snowpack during winter. Previously, the MicroMet model was applied to this kind of environment and was shown to be appropriate for these situations (e.g. Liston et al., 2007 . In 1869, the Japanese government regarded the development of Hokkaido as essential to Japan's prosperity and defence. Therefore, Japan established the Hokkaido Development Commission and invited farmer soldiers as well as other immigrants to begin development of the wild land. Clearing was undertaken to create agricultural land and to build houses. Before 1869, almost all of Hokkaido was covered by a natural mixed forest. In this study, we focus on the impacts of land-use changes on the regional snow distribution and water balances on northern Hokkaido Island.
The objectives of this study were to investigate the impact of land use on snow and water balances in northern Hokkaido from point to regional scales. As part of this study, we investigated three scenarios: one with the current land-use distribution, one with the pre-settlement land-use distribution, and one with no vegetation cover (bare ground). Figure 1 shows the simulation domain for estimating the regional snow distribution, as well as the water and energy balances in northern Hokkaido, Japan. The topographic data are from a digital elevation map with 50-m grid increments that was produced by the Geographical Survey Institute of Japan. Over the entire domain, we used the 1997 land-use classification data (grid increments of 100 m × 100 m) from the Digital National Land Information, which was provided by the Japanese Ministry of Land, Infrastructure, Transport and Tourism (MLIT) (http://nlftp.mlit.go.jp/ksj/jpgis/ datalist/KsjTmplt-L03-b.html) (Fig. 2, Table 1 ). The domain was dominated by natural mixed forests. Other dominant land-use types were paddy fields, regenerated birch forests and croplands. By assuming that the natural land cover was a natural mixed forest, we estimated that land-use changes due to human activity affected 33% of the study domain.
METHODS

Observation sites and data
We carried out field observations at a natural mixed forest (MMF) site and a regenerated birch forest (MBF) Table 2 and described by Matsumoto Fig. 1 Locations of the research domain, the intensive observation sites (MBF and MMF; white stars), and the meteorological (AMeDAS) observation sites (white dots). (2008) . During winter, a blanket of snow completely covers the bamboo, which therefore has no effect on the surface condition of the snow during the snow-covered period. During one winter (1 November 2005-30 June 2006), the SWE was measured by weighing snow lysimeters installed beneath the canopy at the MMF site and in the adjacent open site (MMO), which was located approximately 1 km away from the MMF site. The weighing snow lysimeter recorded the data to a computer every 10 minutes. The lysimeters (each with a 16-m 2 surface area) were placed beneath a mixed forest canopy and were designed to measure the snowpack water equivalent on the ground and outflow. The full details of the design and construction of the lysimeters are provided by Storck et al. (2002) . Each lysimeter had a maximum design load of 1500 mm of SWE and was weighed by four load cells positioned under the centre of each quadrant of the lysimeter. The load cells (LCC07-T005, A&D Company Ltd, Tokyo, Japan) had a standard shear beam deflection design with a total measurement error (including the effects of temperature, nonlinearity and hysteresis) of 0.03% of the full scale range. Therefore, each lysimeter had an expected measurement error of approximately 0.45 mm due to the load cells. The original design of the weighing lysimeter can measure the outflow from the bottom of the lysimeter. Here, we could not observe the outflow; therefore, the only available data from the lysimeter were the snowpack water equivalents. The spatial distribution of the SWE beneath the forest canopy at the MMF site was determined by conducting manual snow surveys at 50 points that covered an area of 50 m × 50 m with a 5-m increment mesh. We observed the snow depth at each mesh point and observed the snow density at 10 points along the 50-m line, with 5-m intervals. These measurements were made about 20 m away from a weighing snow lysimeter at the MMF site. Subsequently, we calculated the SWE from the snow depth at each of the 50 points and multiplied by the average snow density from 10 points. The manual snow survey observations were carried out once a month, from December 2005 to May 2006. When we compared the 50-point average of the SWE and the weighing lysimeter, the root mean square error (RMSE) between the snow survey and the weighing lysimeter was approximately 0.010 m. Therefore, we believe that the weighing lysimeter at the MMF site was representative of the areal mean SWE beneath the forest canopy.
In addition, we used meteorological data that were observed at two meteorological stations at our own sites (MBF and MMF) and six Automated Meteorological Data Acquisition System (AMeDAS) Table 3 . The precipitation at all sites was measured with a standard Japanese precipitation gauge (RT-4). Yokoyama et al. (2003) evaluated the degree to which the RT-4 gauge underestimated the winter precipitation due to wind effects and derived the following equation for correcting the amount of winter precipitation:
where P is the corrected winter precipitation (mm h -1 ), P RT-4 is the precipitation measured with the RT-4 precipitation gauge (mm h -1 ), m is a gauge parameter (0.128 s m -1 for snow and 0.0192 s m -1 for rain), and U is the wind speed (m s -1 ) at the height of the precipitation gauge. When there were differences in height between the anemometer and precipitation gauge, we estimated the wind speed at the height of the precipitation gauge using a logarithmic wind profile law with the nearest wind speed data as:
where U pr and U an are the wind speeds at the top of the precipitation gauge and the nearest anemometer height, respectively; z pr and z an are the heights of the precipitation gauge and the anemometer, respectively; and z 0 is the roughness length on the ground (≈ 0.0001 m). We used corrected precipitation data in our analysis with the above estimated wind speed at the height of the precipitation gauge. The precipitation was partitioned between snow and rain, following the approach of Kondo (1994) ; the snowfall rate (P snow ) was estimated as:
where T a is the air temperature ( • C), rh is the relative humidity (%), and P rain is the rainfall rate (mm h -1 ).
Background
The water balance in a grid cell can be described as: where dt is the time increment of the calculation (h); P is the precipitation above the forest canopy (mm h -1 ); S T is the snow transport due to wind from or to the grid cell (mm h -1 ); R is the infiltration into soil layer (mm h -1 ); E is the total evaporation from the forest (mm h -1 ); E CS is the snow interception by the canopy (mm h -1 ); E GS is the snow sublimation from the ground snowpack (mm h -1 ); E BS is the sublimation of blowing snow (mm h -1 ); and SWE T , SWE CF and SWE G are, respectively, the change (in mm water equivalent) in the total SWE in the above-and below-vegetation canopy; the canopy SWE; and SWE in the ground beneath the canopy due to mass release from the forest canopy, transport of snow by wind or snowmelt, and snowmelt runoff. A schematic diagram of equation (4) is shown in Fig. 3 . According to Mellander et al. (2004) , soil temperatures between 0 and 8 • C reduce the amount of transpiration; when the soil temperature at 10-cm depth is near 1 • C, transpiration is no more than 10% of that at 12 • C from 10-cm depth. In the present study, the soil temperature was less than 4 • C at 10-cm depth from 1 November 2005 to the end of April 2006, as shown in Fig. 4 (a). The soil temperature continuously decreased from 4 • C to nearly 0 • C when snow existed on the ground at both the MBF and the MMF sites ( Fig. 4(a) and (b)). When the snow disappeared at both sites, the soil temperature increased rapidly. Thus, transpiration (E T ) during the study period was probably small and was assumed to be negligible in our analysis. We believe that evaporation from the forest canopy was mainly due to sublimation (E CS + E GS + E BS ).
The heat balance equation for the snowmelt is written as:
where Q M is the energy of the snowmelt; Q RN is the net all-wave radiation; Q H is the sensible heat flux; Q E GS is the latent heat flux; Q G is the ground heat flux; Q P is the energy from the rain; Q SW is the net shortwave radiation; and Q LW is the net long-wave radiation (all units in W m -2 ). Here, we ignored the ground heat flux (Q G ) because it was small for snowmelt in Japan (see Kojima & Motoyama, 1985) . In addition, Kondo & Yamazaki (1990) showed that the estimation of the snowmelt energy due to rain (Q P ) is difficult and insignificant. For instance, Kondo & Yamazaki (1990) showed that the energy from rain contributed 1.25 mm d -1 snowmelt when rainfall was 10 mm d -1 at a temperature of 10 • C. Thus, we also ignored Q P , because daily mean air temperature during a thaw was around 0 • C.
Description of the land surface model
We used SnowModel (Liston & Elder, 2006b ) along with the MicroMet submodel (Liston & Elder, 2006a) to estimate the snow water equivalent on a regional scale, as well as the water and energy balances. The simulated processes included the following: accumulation of snow; redistribution and sublimation of blowing snow; interception, unloading and sublimation within forest canopies; evolution of the snow density; snowmelt; and energy balance. The required SnowModel inputs included: temporally varying fields for precipitation; wind speed; wind direction; air temperature and relative humidity; which were obtained from meteorological stations located within or near the simulation domain or from an atmospheric model; and spatially distributed, invariant fields for topography and vegetation type.
The meteorological forcings required by SnowModel were provided by MicroMet (Liston & Elder, 2006b) , which is a quasi-physically based, high-resolution (e.g. 1-m to 1-km horizontal grid increments) meteorological distribution model. MicroMet is a data assimilation and interpolation model that utilizes meteorological station data sets, gridded atmospheric model data sets, or re-analysis data sets. The minimum requirements for MicroMet are the air temperature, relative humidity, wind speed, wind direction and precipitation data. The model uses known relationships between the meteorological variables and the features of the surrounding landscape (primarily topography) to distribute those variables over any given landscape in physically plausible and computationally efficient ways. MicroMet adjusts the meteorological data in two ways: (a) at a given time, all of the available data are spatially interpolated over the domain, and (b) physically based submodels are applied to each MicroMet variable to quantify the topographic and elevation effects at any given point in space and time. Station interpolations (horizontal) to a regular grid are done with a Barnes objective analysis scheme (Barnes, 1964; Barnes & National Severe Storms Laboratory, 1973; Koch et al., 1983) . The Barnes scheme applies a Gaussian distance-dependent weighting function, where the weight that a station contributes to the overall value of the grid point decreases as the distance from the observation site increases. The interpolation weights are objectively determined as a function of the data's spacing and distribution. At each time step, MicroMet generates the distribution of air temperature, relative humidity, wind speed, wind direction, incoming solar radiation, incoming long-wave radiation, surface pressure and precipitation; then it makes the distributions accessible to SnowModel. Previous studies have found MicroMet-simulated fields to be appropriate for domains with moderate terrain, such as that found in this study.
For the SnowModel simulations, the required topography and land-use data were converted to a common mesh with 100-m grid increments over the simulation domain using the digital elevation map with a 50-m mesh that was produced by the Geographical Survey Institute of Japan and a 100-m mesh land classification map from the Digital National Land Information of MLIT. In our simulations, all of the meteorological forcing variables were distributed by MicroMet and provided to SnowModel at 1-hour intervals. However, the minimum wind velocity required to turn the blades of the type of anemometer used at the AMeDAS sites was 1 m s -1 ; thus, anemometers at the AMeDAS sites could not observe wind speed less than 1 m s -1 . Due to this limitation, the values recorded were 0 m s -1 , although the actual wind speed was more than 0 m s -1 but less than 1.0 m s -1 . In addition, seasonal mean wind speed on the forest floor during the winter of 2005-2006 at the MMF site was 0.7 m s -1 . This was close to the 1 m s -1 minimum wind velocity required to turn the blades of anemometers at AMeDAS sites. Because of these limitations, we assumed that the minimum wind speed in the MicroMet model was 1 m s -1 throughout our simulations.
With regard to the boundary conditions of the simulation domain, the model simulations define zero-influx boundary conditions at the upwind boundary and Neumann-type boundary conditions (i.e. outflow with a zero gradient that is perpendicular to the boundary, which allows mass to flow out across the outflow boundary) at the outflow boundaries. No other boundary conditions are acceptable because we do not have any information about the upstream fetch conditions outside of the simulation domain. This is a standard downstream condition for fluid dynamics problems. Furthermore, we did not use Tabler's redistribution option (1975) in this simulation because Tabler's model exceeded its allowance in our study site due to the wet and less windy conditions.
In regard to snow surface albedo, we treated snow surface albedo for dry and wet conditions as constant. For dry snow conditions at forest and open sites, snow albedo was assumed to be 0.8. Wet snow surface albedo values for open and forest sites during a thaw period were taken from our previous snowmelt research in northern Japan (Suzuki et al., 1999a) as 0.57 and 0.51, respectively. We assumed the roughness length over snow surfaces as constant. Barlage (2010) showed that the effect of modifying the surface roughness length over snow surfaces was insignificant for average snow conditions. In addition, the estimation of roughness length over the snow surface is difficult; thus, we assumed that it was constant, except for the occurrence of blowing snow (Liston & Sturm, 1998) .
Modifications made to account for the canopy-intercepted snow load
The submodels that make up SnowModel were all originally developed for arctic and alpine landscapes that lacked forests. Liston & Elder (2006b) made the required SnowModel modifications for forest canopy snow interception and sublimation to apply the model to forested regions.
The sublimation of snow that is held within the forest canopy, Q E CS (mm), is represented by the combined influences of the sublimation loss rate coefficient of an ice sphere ( S ), the intercepted canopy load (I, mm)), and a non-dimensional canopy exposure coefficient (C e ), which accounts for the fact that the surface area of exposed snow is less than the surface area of the individual grains comprising the intercepted snow. Thus:
The canopy-intercepted load, I, at time t is :
where t -1 indicates the previous time step and Pdt (mm) is the snow precipitation for the current time step. Any precipitation that is not intercepted by the canopy is added to the snow on the ground. The maximum interception storage, I max (mm), is calculated as:
where LAI * is the effective leaf area index (m 2 m -2 ), defined as one half of the total area of light that is intercepted by leaves per unit horizontal ground surface area, based on the assumption that foliage elements are randomly distributed in space (Chen et al., 1997) .
The canopy exposure coefficient, C e , was defined by Pomeroy & Schmidt (1993) :
where k c (= 0.01) is a dimensionless coefficient related to the shape of the intercepted snow deposits. The rate coefficient for the sublimation loss of an ice sphere, S (s -1 ), is given by:
where m (kg), is the particle mass:
where r (m) is the radius of a spherical ice particle (assumed to be 500 µm), ρ i (kg m -3 ) is the ice density, and π is the ratio of the circumference of a circle. The rate of mass loss from an ice sphere is described by the combined influences of the humidity gradients between the particle and the atmosphere, the intercepted solar radiation, the particle size, and advective (ventilation) influences. This rate is calculated as (Thorpe & Mason, 1966; Schmidt, 1972) :
where rh is the relative humidity (%) of the air, provided by MicroMet; h s (2.838 × 10 6 J kg -1 ) is the latent heat of sublimation; and is given by:
where M (= 18.01 kg kmole -1 ) is the molecular weight of water; R (= 8313 J kmole -1 K -1 ) is the universal gas constant; T a (K) is the air temperature provided by MicroMet; and λ t (= 0.024 J m -1 s -1 K -1 ) is the thermal conductivity of the atmosphere. Both T a and rh are assumed to be constant with height throughout the canopy. In equation (12), D (m 2 s -1 ) is the diffusivity of the water vapour in the atmosphere, given by (Thorpe & Mason, 1966) :
The saturation density of the water vapour, ρ v (kg m -3 ), is calculated as (Fleagle & Businger, 1980) :
where R d (= 287 J deg -1 kg -1 ) is the gas constant for dry air and e S (hPa) is the saturated water vapour pressure. The Sherwood (Sh) and Nusselt (Nu) numbers in equations (12) and (13), respectively, are related to the particle Reynolds number (Re), as follows (Lee, 1975) :
with:
where υ (= 1.3 × 10 s -1 ) is the kinematic viscosity of air and u c (m s -1 ) is the ventilation velocity, which was set equal to the wind speed within the canopy. proposed a new parameterization for the forest canopy-intercepted snow load that was based on the results of laboratory experiments. They describe the canopy-intercepted load, I, at time t as:
where f S is the gap fraction of the canopy. The parameter k I (a dimensionless model parameter that is conceptually equivalent to (1 -p), where p is the proportion of precipitation passing through the canopy projection area), is related to the plant area index (PAI), which is the projected area of green leaves, branches, twigs and stems per unit surface area of ground:
Here, PAI can be written as:
where WBI is the wood biomass index that is defined by the projected area of branches, twigs and stems per unit surface area of ground. LAI is the leaf area index that is defined by the projected area of green leaves per unit surface area of ground (cf. the previous definition of LAI * which included the biomass of branches and stems). Thus, LAI * can be written as:
where is the stand clumping index (Nilson, 1971) . Here, we assumed that the value of was 0.5, following Lacaze et al. (2002) , who showed that was about 0.5 for Canadian boreal coniferous forests.
RESULTS AND DISCUSSION
Characteristics of forcing meteorological variables
Figure 5(a)-(d) shows the temporal variations in the monthly meteorological data for the air temperature, relative humidity, wind speed and precipitation. The air temperature and wind speed were the lowest and highest, respectively, at the MBF site, which was at the highest altitude of all the sites and located on a mountain ridge. The relative humidity at both the MBF and MMF sites was higher than 80% from November 2005 to March 2006. The relative humidity at the MBF site was higher than at the MMF site. The precipitation showed some seasonal and spatial variation: it was higher at the more western AMeDAS sites, HRK and SMR. In general, a northwest wind over the Sea of Japan is dominant in Japan when a Siberian high develops in winter. The wind from the Eurasian continent is cold and receives a supply of water vapour from the warm water in the Sea of Japan, to the west of Hokkaido. The moisture flux from the west coast will cause winter precipitation, such as snowfall, in the western part of Hokkaido. This moisture flux from the Sea of Japan into the study domain causes heavy snowfall, high relative humidity and blowing snow events. The largest corrected ratio of precipitation at the MBF site was caused by the strongest winds at the site. Next, we consider how often blowing snow occurred in the study domain. SnowModel simulates blowing snow when the hourly wind speed at 3-m height is greater than a threshold of approximately 5 m s -1 . The exact threshold wind speed value is a prognostic variable in the model and depends on the time since the last snowfall, the snow temperature history, and blowing snow events that occurred since the previous snowfall . In addition, the snow transport flux of SnowModel is a nonlinear function of wind speed; the values near the threshold have a minimum transport and strongly increase as the wind speed increases above 10 m s -1 (Liston & Sturm, 1998) . As a simple analysis, we also studied how many days the hourly wind speed exceeded 5 m s -1 at each AMeDAS site: from 1 December 2005 to 30 April 2006 it was 17-70 d. The number of days decreased from west to east in the domain, except for the SMR site, which was located in a small open patch in natural forest. This observation implied that the dominant west wind was strong enough to produce blowing snow and then weakened inland and to the east. The percentage of occurrence days to total days (121 days) ranged from 18 to 58%. Thus, the southwestern and high-altitude parts of the domain have the potential for blowing snow due to high hourly wind speeds.
Finally, we noticed there were missing data at the intensive observation sites within the MBF and MMF sites due to electrical problems with data logging. The missing data for air temperature and wind speed at the MBF site were from December 2005 to January 2006. In addition, the precipitation data at the MBF site were only obtained in January 2006. The period of missing precipitation data at the MMF site was January 2006-February 2006.
Validation
3.2.1 MicroMet model First, we verified the forcing meteorological elements with the MicroMet submodel. Here, one metrological site was taken out of the MicroMet interpolation routine and used for verification of the meteorological variables at the SBT site by comparing it to the meteorological data at the SBT site, which was included. The SBT site was located near the centre of the study domain and about 10 km away from the nearest meteorological site. Figure 6 (a)-(d) shows a comparison of the simulated meteorological forcing at the SBT site with and without the meteorological data at the SBT site. There were no large differences in air temperature, relative humidity and wind speed; the RMSEs of these variables were 0.1 • C, 3% and 0.1 mm h -1 , respectively. However, the wind speed was underestimated by about 28% by MicroMet when the meteorological data at the SBT site were removed. The RMSE of the wind speed with and without data at the SBT site was about 0.8 m s -1 . In addition, in order to validate the meteorological elements at the edge site of the simulation domain, another meteorological site (ASH) was removed from the MicroMet interpolation routine to verify the meteorological variables at that site and to compare to the meteorological data when the ASH site was included. forcing at the ASH site with and without the ASH meteorological data. There were no large differences in the air temperature, relative humidity and wind speed (RMSE values were 0.5 • C, 2% and 0.2 mm h -1 , respectively). However, Micromet underestimated the wind speed by about 10% when meteorological data for the ASH site were removed. The RMSE of the wind speed with and without data at the ASH site was about 0.4 m s -1 . The RMSE at the ASH site was better than the RMSE at the SBT site, when Figs 6(d) and 7(d) are compared. Thus, we conclude that the MicroMet model can reasonably reproduce forcing meteorological variables when meteorological data do not exist at the grid point. However, the wind speed would be underestimated by about 10-28% when data do not exist at the grid point because the nearest sites to SBT and ASH strongly affected the estimated values. In addition, the main reason for underestimation was that wind speeds at the sites nearest to SBT and ASH were lower than those actually at the SBT and ASH sites (Fig. 5(c) ). Later, we will evaluate the impact of the underestimated wind speed on the water balance.
Canopy snow parameterization
Next, we compared the new parameterization results for the canopy-intercepted snow load of with the results of the parameterization of Pomeroy et al. (1998) by assuming the same precipitation inputs; we compared the observed SWE beneath the forest canopy with the simulated values obtained using the two different parameterizations (Fig. 8) . Note that the observed SWE measured by a weighing lysimeter was from the middle of December 2005 to the middle of May 2006 due to data acquisition problems. The results obtained with the parameterization of Pomeroy et al. (1998) underestimated the observed SWE beneath the forest canopy at the MMF site (RMSE: 0.086 m, R 2 : 0.70), whereas the simulated values that were obtained using the parameterization were close to the observed values ( Fig. 8) (RMSE: 0.040 m, R 2 : 0.92). The main reason for the differences in the estimation errors was the maximum canopy SWE unit LAI or PAI. According to , the maximum snow load per unit PAI was the most important parameter for the canopy snow interception. Pomeroy et al. (1998) used 4.4 mm per unit effective LAI, as shown in equation (6). In this case, the estimated canopy snow interception from the SnowModel was about 160 mm water equivalent at the MMF site. This large canopy snow interception resulted in underestimation of the SWE beneath the forest canopy at the MMF site. The maximum snow load on the canopy calculated by was 0.92, which is similar to the value (1 mm per unit LAI) reported in the Swedish forest canopy by Jansson & Karlberg (2004) . We assumed that this similarity could be attributed to the similarity in climate between Sweden and northern Japan. Therefore, we believe that the new parameterization by is appropriate for estimating the SWE beneath the forest canopy in northern Japan. Hereafter, we use the simulated results that were obtained with the parameterization for the canopy-intercepted snow load of .
Point-based SWE and snow depth
To verify the simulated SWE at specific points, we first compared the simulated and observed SWE for all of the forcing meteorological sites where validation data for snow were available ( Fig. 9(a)-(g) ). All of the simulated results reproduced the seasonal changes in observed SWE and snow depth. At the MMF site, the SWE and snow depth data were available to validate the model performance. The seasonal changes in both SWE and snow depth agreed well with the changes in simulated results at the MMF site. Table 4 shows the RMSE of the SWE or snow depth at all of the sites. The RMSE of the SWE at the MMF site was 36 mm, while the snow depth RMSE was 0.23 m. The MMO site was in an open field adjacent to the MMF site; the SWE RMSE was large (0.100 m). One reason for the large estimated error of the SWE at the MMO site was the underestimation of precipitation data by the MicroMet model. The precipitation at the MMO site was about 8 mm less than that at the MMF site; although the MMO site was only 1 km away from the MMF site, where the precipitation data were provided. The ratios of the SWE RMSE to the maximum values at the MMF and MMO sites were 0.05 and 0.12, respectively. Thus, the RMSE was small compared to the maximum values. With regard to the simulated snow depth at the AMeDAS and MBF sites, the snow depth RMSE ranged from 0.08 m to 0.23 m; however, at the MBF site, it was 0.30 m. The ratios of the snow depth RMSE to the maximum values were 0.04 to 0.14. We also compared the RMSE to each of the maximum snow depths at each site. The snow depth RMSE for the MBF site was large (0.30 m) due to missing long-term precipitation data at the site. SnowModel employed a precipitation correction factor due to altitude, which was based on Thornton et al. (1997) . In our study region, water vapour can be supplied from the warm ocean to the western part of Hokkaido Island. A large water vapour supply could create heavy snowfall on the west coast and mountainous regions. The large water vapour transport would induce much larger orographic effects on the precipitation in the study domain. One possible explanation was that the precipitation during the missing period was underestimated and caused underestimation of the snow depth at the MBF site.
In addition, the simulated snowmelt was delayed at the MBF site in comparison to the observed value. This result could be due to the spatial representation of the snow depth. In the MBF site, which is a deciduous forest, there were large patches between the trees; the snow depth sensor was located in an open patch. Thus, the observed snow depth decreased relative to the surrounding area. However, the ratio of the snow depth RMSE to the maximum value in the MBF site was 0.13, which is insignificant when compared to the maximum values. Therefore, we believe that SnowModel can reasonably reproduce point values of SWE and snow depth.
Sublimation from the canopy
In order to verify the winter process, we used sublimation data above the forest that were obtained at the MMF site. The details of the flux observation were presented by Matsumoto et al. (2008) . We carefully checked the latent flux data every half hour during a winter season (1 December 2005-31 March 2006) because heavy snowfall often covered the flux sensors. We then averaged the half-hourly latent flux values to the daily values. Figure 10 shows the relationship between the observed and simulated daily sublimation from the canopy. The determination coefficient R 2 for y = x was 0.57, while the RMSE was 0.2 mm d -1 . Thus, sublimation from the forest canopy was reproduced by SnowModel. We did not have any data on actual blowing snow processes, such as snow transport or blowing snow sublimation.
In addition, we compared each water balance component at the open and forested sites: the 90% differences in the SWE for these sites were mainly due to canopy snow interception. Furthermore, blowing snow sublimation or snow transport contributed to about 10% of the total difference in the SWE between the sites. Therefore, forest canopy interception was important when considering the differences in snow between the open and forested sites.
Regional snow distribution
Finally, we analysed the regional snow distribution over the entire domain. The observed data set was the 8-day composite snow cover product that was obtained by MODIS version 5 (spatial resolution, 0.05 • × 0.05 • ; MODIS snow products user guide, http://modissnow-ice.gsfc.nasa.gov/sug_c5.pdf). We only used data from the MODIS satellite snow products because there were no reliable data for the SWE from satellite remote sensing. In order to compare the snow coverage for the same grid size in the study domain, we calculated SnowModel-simulated snow coverage on the 0.05 • MODIS grid using the simulated snow depth data from the SnowModel 100-m grid. We compared the snow distribution during the thaw period from 1 May 2006 to 2 June 2006 (Fig. 11) . The onset of snowmelt was delayed in the simulated snow coverage for 1 May 2006. However, the simulated snow disappearance area from 9 May 2006 agreed well with the area, according to the MODIS data product. Thus, the present model could accurately predict the spatial pattern of snow ablation in the calculation domain. We also compared the timing of continuous snow cover and found no large differences in snow coverage between the simulation and the MODIS product.
In addition, we evaluated the effect of underestimated wind speed on the water balance components. Here, we used the wind speed that was estimated by MicroMet; the values were multiplied by 1.28, which was the maximum difference from the estimation with and without the SBT site in Fig. 7 . Then, we compared the accumulated water balance components due to stronger wind speed. The accumulated sublimation by the canopy, ground snow and blowing snow increased about 0.3, 0.4 and 0.5 mm, respectively. The total accumulated sublimation increased about 1.2 mm, which was 2.6% of the original estimated total sublimation. Therefore, we assumed that the wind speed underestimation by MicroMet had a negligible effect on the water balance in the study region.
According to the above validation, we believe SnowModel reasonably reproduced snow processes within the study domain. Next, we describe how landuse types affect snow processes and water balances.
Effect of land use on snow water balance at the plot scale
First, we compared each water balance component at each forcing meteorological data site, except for the SMR site. Table 5 shows the water balance components at eight forcing meteorological data sites and an intensive observation site that is located in an open site (MMO) from 1 November 2005 to the end of permanent snow cover. First, we compared the precipitation, the maximum SWE, and the duration of permanent snow cover between all of the sites. Precipitation at sites ranged from 399 to 999 mm, with large differences in precipitation between sites. The maximum SWE in sites ranged from 349 to 917 mm. The duration of permanent snow cover ranged from 165 to 197 days. The longer snow cover period was mainly due to greater precipitation.
Next, we examined the differences in the water balance components. First, we compared the sublimation loss due to snow interception by the canopy, sublimation from the snowpack and sublimation from blowing snow at all of the sites. The cumulative sublimation loss at sites was 8-66 mm. The percentage of sublimation loss to total precipitation ranged from 1 to 8%. With regard to the forested sites (MMF, SMR, and MBF), the sublimation was larger than at the other open sites that surrounded a large open area. The sublimation between the two forested sites (SMR and MMF) was similar. Sublimation loss by canopy interception at the MMF and SMR sites (mixed forest) was greater than that at the MBF site (deciduous forest) because of the effect of the larger snow holding canopy capacity of the evergreen coniferous trees. The maximum snow load on the canopy was 3 mm at MMF and SMR, and about 2 mm at the MBF site. The ground snow sublimation showed small differences between sites and was smaller than canopy snow interception. This finding corresponded to the results of Gelfan et al. (2004) for a humid climate in Russia. The blowing snow sublimation loss in the domain was very small when compared to sublimation from canopy snow or ground snow. This high humidity and the less windy climate caused a low sublimation rate from blowing snow. Most of the open sites appeared to have slightly reduced snow accumulation due to blowing snow transport, except for the HRK site, where a little snow deposition was found. However, we found that the contribution of snow transport in the study area was insignificant to the water balance study.
In regard to forest effect on water balance, we compared snow accumulation between open (MMO) and forest (MMF) sites. The MMO site was only 1 km away from the MMF site. Table 5 shows the water balance at the MMO site that is adjacent to the MMF site. The open site had more snow accumulation than the MMF site. This was mainly due to canopy snow interception. The differences in snowfall and snow eroded by blowing snow between the MMO and MMF sites reduced the differences in snow accumulation at both sites. From the comparison of the water balance between the MMO and MMF sites, the forest canopy reduced the SWE due to canopy snow interception. The canopy snow interception was predominantly responsible for the differences in the snow accumulation and the maximum SWE between the open field site, MMO and the forested site, MMF. Note that no snow transport occurred at the MMF and MBF sites because SnowModel does not generally allow snow drift to occur within a forest (due to the relatively low wind speeds found within forests). Wind transport in an open field can carry snow to topographic drift traps or an adjacent area; as a result, the snow transport at the open sites slightly reduced the cumulative snowmelt runoff.
Regional-scale snow and water balance due to land-use changes
In order to evaluate the snow cover due to land-use changes at a regional scale, we employed three different land-use scenarios for snow and water balance evaluation. We investigated the potential impact of land-use changes on the snow distribution and water balance over the entire calculation domain, which, before the beginning of development in 1869, was predominantly natural mixed forest. Here, we used three land surface conditions to simulate the snow and water balances in the calculation domain: Scenario A, formed by natural mixed forest cover on all of the surfaces; Scenario B, which had land surface conditions similar to the present land cover conditions; and Scenario C, with bare ground cover on all of the surfaces. All three simulations were performed using the same forcing variables as in Section 3.3. Here, we defined the water balance error on the simulations when the snow was transported from or to the outside of the domain. Table 6 shows the accumulated water balance error during a simulation. We believe that the water balance error was too small to compare with the other water balance components; therefore, the water balance error due to the boundary conditions for the simulations was negligible.
Snow and water balance
First, we show the results on snow and water balance through all of the simulation periods. Figure 12 Table 6 shows a summary of the accumulated water balance components and characteristics of snowmelt. The accumulated snowfall was about 722.4 mm. The maximum SWE was largest in Scenario C, followed by Scenario B and Scenario A, as shown in Fig. 12(b) . Complete deforestation in Scenario C caused a larger maximum SWE and accumulated snowmelt of about 50 mm (Table 6 ). When we compared the results between scenarios A and B, the larger canopy snow interception in Scenario A caused about a 13-mm smaller maximum SWE. Therefore, the regional SWE decreased as deforestation increased. This result was similar to a point-scale comparison of open and forested sites. The difference in the regional SWE between the different scenarios resulted in differences in the accumulated snowmelt, as seen in Fig. 12(d) . When the land was covered with bare ground in Scenario C, the snow distribution was relatively heterogeneous relative to the others. However, the heterogeneity of the snow distribution in Scenario C had no effect on the continuous snow cover period. Regarding differences in the total sublimation loss in the study domain for the different scenarios, those from the canopy snow were the largest and caused the dominant differences in sublimation between the three scenarios and the SWE.
In addition, the sublimation loss from the ground snowpack increased as the forested area increased, as shown in Table 6 . Figure 13(a)-(d) shows the temporal variations in the latent heat fluxes for the snowpack, the mean regional wind speed, the water vapour pressure gradient between the air and the snow surface, and the snow surface temperature. In Fig. 13(a) , the positive latent heat flux denotes condensation, while a negative latent heat flux relates to sublimation. Latent heat flux increased with the increase of forest cover. This corresponds to the trend of sublimation with different scenarios. There was no difference in air temperature and relative humidity above the snowpack because we used the same forcing variables, while the wind speed above the snowpack increased with the deforestation scenarios, as seen in Fig. 13(b) . As shown in Fig. 13(c) and (d), there were large differences in the water vapour pressure gradient and snow surface temperature due to different scenarios. Here, the negative water vapour gradient shown in Fig. 13(d) induced sublimation from the snow surface to the atmosphere, while positive values induced condensation from the atmosphere to the snow surface. Scenario C had the lowest snow surface temperature and largest positive water vapour pressure gradient. The lowest snow surface temperature in Scenario C (complete deforestation) caused the lowest water vapour pressure at the snow surface and a larger, positive water vapour pressure gradient between the air and the snow, which indicates that the direction of latent heat flux was from the air to the snowpack. Suzuki et al. (1999b) showed that denser forests decreased the nocturnal cooling of the snowpack due to an increase in the downward longwave radiation onto the snowpack. Thus, a higher snow surface temperature with an increase in forest cover was maintained by the downward long-wave radiation from the forest canopy and less nocturnal cooling for the snowpack. Subsequently, a decrease in the water vapour gradient between the snow surface and the reference height above the snowpack increased sublimation from the ground snowpack with an increase in forest cover. The primary contribution to the accumulated snow processes in the different scenarios was sublimation loss by canopy snow interception and then sublimation from the ground snowpack. Sublimation by blowing snow increased as deforestation increased; however, the amount of sublimation by blowing snow ranged from 0 to 1 mm and was insignificant for the water balance in the study domain. Deforestation scenarios, such as scenarios B and C, caused a reduction in the sublimation loss and an increase in the SWE. Furthermore, small differences in the snow-covered period between scenarios were not significantly different among the land-use types, as seen in Table 6 . Figure 14 differed between the early snowmelt and mid-to-late snowmelt periods. At the beginning of the snowmelt season, the daily snowmelt rate increased as the forest cover increased, while the rate decreased as the forest cover increased from Scenario C to Scenario A. In the middle of the snowmelt season, most of the daily snowmelt rates increased as deforestation increased. The daily snowmelt rate in Scenario C was more than 20% higher than that in Scenario B, while the difference in the snowmelt rate for Scenario A compared to Scenario B was about 5-10% lower. The rate in Scenario A was the smallest during all snowmelt seasons, while the patchy and complete deforestation in scenarios B and C increased the regional mean snowmelt rate (Table 6 ). The snow disappearance date variation for all the scenarios was insignificant in spite of differences in the maximum SWE. However, the snowmelt days increased as the forest coverage increased. As shown in Table 6 , the difference in the daily mean snowmelt rate between scenarios A and C was about 1 mm d -1 . The maximum daily mean snowmelt rates in scenarios C, B and A were larger, at 25.8, 24.0 and 23.1 mm d -1 , respectively. The differences in the maximum snowmelt rate due to different scenarios were larger than the differences in the daily mean snowmelt rate during a thaw period. This result implied that forest cover induced a lower snowmelt rate and longer thaw periods relative to the open field.
Snowmelt
Next, we describe the energy balances to explain these differences in snowmelt rate due to the different scenarios. Figure 15(a)-(f) shows the temporal variations in the snowmelt energy, net all-wave, net short-wave and net long-wave radiation, and sensible and latent heat fluxes. At the beginning of the snowmelt season, the snowmelt increased with the forest cover as shown in Fig. 14(a) and (b). Figure 15(c) shows that the differences in the net short-wave radiation due to different scenarios were small when compared to later periods. An early snowmelt season had a higher snow albedo and resulted in smaller differences in the net short-wave radiation. However, the difference in the net long-wave radiation did not change with the period of snowmelt. Therefore, at the beginning of the snowmelt season, the net all-wave radiation in Scenario A was a little larger than in the other scenarios. In addition, turbulent fluxes were insignificant in the three scenarios for an early snowmelt period. Thus, the trend of snowmelt corresponded to the net all-wave radiation in the three scenarios. Suzuki & Ohta (2003) showed that the net all-wave radiation increased as the forest density increased when the snow albedo was greater than 0.6 or when the sky was covered by clouds. The simulated snow albedo in all of the scenarios (at the beginning of snowmelt season from 1 to 5 April 2006) was more than 0.6, and then decreased as the season progressed. In accordance with the larger net all-wave radiation that was accompanied by small turbulent fluxes due to the increase of forest coverage during an early snowmelt season, the forest cover influenced the earlier snowmelt onset and resulted in larger snowmelt rates compared to the open field, as shown in Fig. 14(a) and (b) .
As the snowmelt season proceeded, deforestation Scenario C induced a larger snowmelt rate, which was accompanied by larger turbulent fluxes, especially the sensible heat flux (Fig. 15(e) and (f) ). According to Fig. 15(b) , there was no significant difference in net all-wave radiation, while there were large differences in turbulent fluxes between the scenarios in Fig. 15 (e) and (f). Larger turbulent fluxes in the open field produced both larger snowmelt energy in Fig.  15 (a) and snowmelt rates because the forest canopy reduced the wind speed above the snowpack. In addition, the increasing air temperature and water vapour in the atmosphere as the season progressed caused larger gradients in temperature and water vapour between the air and snow surface, as shown in Fig. 13(b) -(d) because snow surface temperature never exceeded 0 • C. This result was similar to that of Berris & Harr (1987) , who reported large discharges in deforested watersheds in comparison to forested watersheds, due to larger turbulent fluxes. Suzuki et al. (1999a) also reported that the sensible heat flux was the dominant energy balance component causing differences in snowmelt energy due to forest density.
According to our results, land-use scenarios affected the difference in snow water equivalent and snowmelt. When we looked at snow as a water resource, deforestation in some parts of the domain could increase snow accumulation in the domain. However, deforestation would reduce the number of snowmelt days and delay its onset. In contrast, the forest will provide less snowmelt over longer periods relative to areas non-vegetated due to deforestation. Thus, we inferred that the land-use change from forest to agricultural or bare ground caused more snow accumulation and larger snowmelt. In addition, in the case of stormy rain on the snowmelt, deforestation may induce an acute runoff due to larger snowmelt, accompanied with rain water.
Limitations of our results
First, we carried out our simulation using a specific year: 2005/06. Thus, our results will be limited to that specific year. However, the relative importance of land-use changes on the snow and water balance can be applied to other years.
Second, we did not observe the amount of snow transport in the domain and snow load on the forest canopy because the observation of these parameters in the field is very difficult. Validating the snow transport and canopy snow load is necessary for further study and will be useful to improve the model's parameters. Furthermore, the parameterization of canopy snow cover by should be tested for other forests under different climatic conditions. Third, we could not validate the snow water equivalent at the regional scale. Currently, snow water equivalent values that are derived from satellite data are still unreliable, especially beneath forest canopies (Dong et al., 2005) . Future advances in remote-sensing techniques would contribute to the model's validation. Otherwise, intensive snow observation field campaigns will be required to provide model validation data sets.
CONCLUSIONS
We simulated the current snow processes in a heavysnowfall forested region of Japan and evaluated the snow distribution at a regional scale using a land surface model that specializes in snow-evolution processes (SnowModel). Then, we evaluated the potential impact of land-use changes on the snow cover and water balance over the entire domain by performing two SnowModel simulations under the assumption of pre-settlement land-use coverage and bare ground due to deforestation. We obtained the following key results: by , which was tested at the forested site, reproduced the observed SWE beneath a forest canopy. In addition, SnowModel reproduced the snow coverage over the calculation domain during the period of thaw, as shown by a comparison of the snow cover data from MODIS and the simulated snow distribution. (c) According to the snow processes at the plot scale that were reproduced by SnowModel, the difference in SWE due to land-use type was caused mainly by canopy snow interception at the forest site, while sublimation at the ground snowpack was mostly similar within all of the sites and was 2-3% of the snowfall. Therefore, the snowmelt in the forested site was reduced by 5-8% of the snowfall due to canopy snow interception. Blowing snow sublimation loss had an insignificant effect on the water balance components in northern Japan. (d) Finally, deforestation on a regional scale enhanced snow accumulation and resulted in a larger daily snowmelt rate with a shorter snowmelt period. Greater snow accumulation due to land-use change from forest to agriculture land or open field was caused by differences in total sublimation loss, while the difference in the total sublimation loss was caused by different canopy snow interception. Larger snowmelt due to deforestation was mainly caused by turbulent fluxes for snowpack.
